The crystallization and the mechanical properties of polyethylene, which is one of the most important commodity polymers, are influenced by the crystalline alpha relaxation. This process originates from the diffusive chain transport through the crystallites as mediated by local 180 • flips. Recent studies have stressed the relevance of the chain folding morphology on the chain diffusion, yet its relation to the rate of monomer jumps has not yet been addressed. In this study, we compare samples with very different morphology, including nanocrystals as a unique new model system, and use proton low-field and carbon-13 high-field solid-state NMR spectroscopy to determine the rate of local jumps and the large-scale intracrystalline diffusion coefficient, respectively. We find that samples with tight folds (reactor powders and nanocrystals) display on average lower activation energies of both the local jumps and the large-scale diffusion. Nanocrystals stand out in that they feature a significantly broader distribution of local jump rates, which we attribute to the location of stems in the finite nanocrystal. Our results for the large-scale diffusion are at partial variance with previous findings, and we discuss the related ambiguities. Our data suggest that the higher chain mobility in the amorphous domain of melt-crystallized samples has an accelerating effect on intra-crystalline chain dynamics at high temperatures, but is accompanied by a more progressive slowdown at low temperatures due to cooperativity effects.
I. INTRODUCTION
Polyethylene (PE) is one of the most important commodity polymers, and its properties vary widely, depending on its specific microstructure and semicrystalline morphology. Linear PE exhibits diffusive chain motion of its all-trans chain through the crystallites, and is thus classified as crystal-mobile [1] . This process is closely related to its crystallization behavior and crystallinity [2] , and thus crucially influences many technologically relevant mechanical properties of the polymer, such as drawability [1] and creep [3] .
Early debates on the molecular origin of the chain translation [4] based upon conformational energy calcula-tions considered a single type of diffusing localized defect [5] or an extended 180 • twisted region [6] , while more recent molecular dynamics simulations [7] have settled on a variety of defect structures than enable large-scale chain diffusion, and conclude on a crystal-thickness independence. This, however, stands in contrast to changes in the macroscopically detected mechanical crystalline α relaxation [2] , which however only provides indirect information on the intra-crystalline chain motion in PE.
Studying the morphology dependence of such local processes in order to truly understand their contribution to macroscopic properties requires well-defined samples, where single crystals grown from dilute solution [8, 9] have long been the only, and of course laborious option. Using such samples, for instance the process of lamellar doubling could be identified [10] , which is a special case of the lamellar thickening process [11] that is typical and only possible for crystal-mobile polymers [1] . A unique and much simpler model approach has recently emerged by Ni(II)-mediated catalytic polymerization of ethylene in dilute aqueous solution, which affords unique, well-defined PE nanocrystals [12] [13] [14] . These disc-like structures are very well-defined, with thickness and diameter in the 6-15 and 20-30 nm ranges, respectively, as controlled by equilibrium thermodynamics [13, 14] , consisting of the order of 10-20 tightly folded chains oriented parallel to the disc normal. Here, we study, for the first time on the same sample, local and larger-scale chain dynamics in these nanocrystals, and compare the results to other morphologies, i.e., ultrahigh molecular weight PE (UHMWPE) reactor powder [15] and different meltcrystallized samples. We characterize the samples with X-ray scattering and electron microscopy, and use solidstate NMR as a microscopic probe of the dynamics [16] [17] [18] .
As noted, early work devoted to the experimental study of the intracrystalline dynamics relied on indirect observations by mechanical or dielectric spectroscopy [2, 6] , while it is now established that the local jump motion [19] [20] [21] as well as the large-scale chain diffusion [22] [23] [24] can best be studied on a molecular scale by different solid-state NMR methods. The important work of Hu, Boeffel and Schmidt-Rohr employing a complicated dipolar 13 C-based experiment revealed that chain translation is indeed mediated by an effective 180 • jump of a monomer [19, 20] , which can of course effectively arise from the migration of a short-lived defect. This type of studies is rather limited in its scope due to its time consumption and the need of a special doubly isotope-labeled sample.
Thus, more detailed insights into the influence of morphology on intracrystalline dynamics have so far only been taken from exchange experiments based upon 13 C longitudinal magnetization [22] [23] [24] characterizing the larger-scale chain diffusion. In particular the findings of Yao et al. [23, 24] were interesting, in that it was found that adjacent-reentry type solution-grown crystals exhibit much faster apparent chain diffusion than meltcrystallized counterparts with however the same activation energy. This was explained by a reduced entropic penalty related to the more constrained amorphous loops in the solution-grown crystals [25] , and by introduction of a concept of an effective jump rate responsible for chain diffusion which should differ from the actual local jump rate [23, 24] . These conclusions are, however, at variance with recent results from computer simulations of a polyethylene-like polymer [26] , where the intracrystalline chain diffusion was found to feature a broad distribution of correlation times, with the least mobile chains being those that exhibit tight folds. We have recently established a 1 H-based low-field method which enables direct access to the actual local jump rate without the need for special samples [21] . This puts us now into a position to scrutinize and refine these findings in two regards, i.e., studying nanocrystal samples of welldefined morphology, and comparing the local and largerscale chain dynamics to different other samples. 
II. MATERIALS AND METHODS

A. Samples
We compare three different PE sample types from different sources. The investigated morphologies are schematically shown in Fig. 1 . All relevant parameters of the samples are compiled in Table 1 . Ideal PE nanocrystals [12, 14] were prepared as described previously [27] via polymerization of ethylene with a Ni(II)-based catalyst in aqueous environment and subsequent removal of the solvent and the surfactant. The nanodisks (nd) have the form of truncated lozenges, each of them consisting of a crystalline 8-10 nm thick crystalline lamella embedded between two ∼1 nm amorphous layers containing the tight chain folds [14] . The two samples differ only slightly; the PEnd1 have radii of R ≈ 12 nm, and those of PEnd2 are of the same order but show a wider distribution. The overall thickness L (long period on the bulk) and the crystalline thickness d c were determined by small-angle X-ray scattering (SAXS) and cryo transmission electron microscopy (TEM) as described previously [12, 14] .
The other samples were already part of our previous publication [21] , which we refer to for details. A commercial melt-crystallized high-density PE (HDPEm) sample with a weight-averaged molecular weight M w ∼ 349 kg/mol and a polydispersity P D ∼ 21 was provided by Basell Polyolefine GmbH. We further investigated two nascent UHMWPE reactor powder samples (PErp5000 and PErp750), where the number indicates the approximate M w in kDa. More information on the preparation and the properties of these samples can be taken from reference [15] .
The PErp samples should exhibit a predominant adjacent-reentry structure (see Fig. 1b ), but were shown to feature a relatively disordered and complex overall morphology [28] . Packing these samples into rotors for high-resolution 13 C NMR lead to the pressure-induced formation of a small amount of monoclinic phase [29] , which was removed by short annealing for 15 min at 358 K, well below the temperatures of melting (>400 K) and lamellar doubling (∼380 K). We further tested the influence of extended annealing for 2 days at 363 K, at which the morphology as seen in TEM did not change appreciably. For a direct comparison, we also prepared a melt-recrystallized sample (PErp5000m) after melting at 433 K for 7 h in vacuum and slow cooling to room temperature within about 30 min. This sample, in analogy to HDPEm, should exhibit a disordered fold surface ( Fig. 1a ). All experiments were performed above the glass transition temperature of the amorphous regions, T g ≈ 150 K [30] , below which the chains in the crystallites are no longer mobile [1] .
B. Structural characterization
TEM. Transmission electron microscopy was used to determine the long period L and and the crystalline thickness d c of the HDPE and PErp samples. Images were taken on a JEM 2010 instrument from ca. 80 nm thick slices staining the amorphous regions with with RuO 4 . The sample images shown in Fig. 2 demonstrate how the semi-crystalline morphology is reflected in the images in regions where the lamellar normals are oriented parallel to the image plane. The ImageJ software was used to determine about 700 distances for every sample, for which the standard deviations are given as the error limits to the mean values in Table 1 . Fig. 2 demonstrates that the lamellar structure is much better visible in the melt-crystallized samples, while the reactor powders exhibit a rather fragmented structure, in agreement with the literature [28] . Annealing (15 min at 358 K vs. 2 d at 363 K) did not have an appreciable effect on the morphology.
WAXS. Wide-angle X-ray scattering was employed to characterize the temperature-dependent crystalline lattice spacings and possible differences between the samples, using the Bragg equation based upon the known assignments [31] . The experiments were performed on a ????. The lattice parameters a and b are plotted for two different temperatures in Fig. 3 . The lattice parameter c of the orthorhombic unit cell along the all-trans chain direction was the same at 303 and 373 K for all samples (2.546±0.003Å). It is seen that the thermal expansion affects mainly the a direction, and that the nanodisk samples exhibit a slightly expanded unit cell as compared to the other samples.
Crystallinities. The crystallinity values determined with different methods as listed in Table 1 differ somewhat for each given sample, yet the ∼10% variation is well within the expected range considering the methodological differences and the approximations involved. A more detailed discussion for a part of the samples was published in ref. [21] , where the NMR values (see below) were discussed as a function of temperature. The trends observed for the new samples PErp5000m and PEnd1/2 studied herein matched the previous ones in that the melt-crystallized samples (HDPEm and PRrp5000m) exhibit a weak monotonic decrease by around 5% up to around 380 K, above which a stronger partial melting process sets in. The crystallinities of the PErp samples are nearly constant up to around 360 K, above which they increase by 5-10%, which can be explained by a lamellar thickening process. The crystallinities of the PEnd samples are nearly constant up to around 380 K, above which a reorganization process [14] and partial melting sets in. We avoid thus this temperature range, but note that even below 370 K the PEnd samples, being ideal adjacent-reentry-type nanocrystals with thermodynamically controlled shape, exhibit lamellar thickening upon annealing, which means that the dimensions given in Table 1 can increase by about 50% [14] .
C. Solid-state NMR Spectroscopy 1 H low-field NMR. A Bruker minispec mq20 spectrometer with a static magnetic field of 0.5 T and a 1 H Larmor frequency of 19.95 MHz, equipped with a widetemperature-range static probe, was used for the determination and investigation of the different (crystalline, amorphous and rigid-amorphous) phase fractions of the PE samples in a range between 240 and 400 K. The method is based upon the simple detection of the freeinduction decay (FID) after application of a 90 • pulse (∼1.6 µs length), using a recycle delay of 2-5 s between individual scans to ensure quantitative detection of the full relaxed sample magnetization. The latter was set based upon saturation-recovery experiments to estimate the 1 H T 1 . In order to study the full shape of the FID, we employed a mixed [32] magic-sandwich echo (MSE) [33] to overcome the receiver dead time of 15 µs.
A proton FID in a rigid solid decays quickly (i.e., the spectral line is wide) due to the network of multiple strong distance-dependent dipole-dipole couplings between the spins. The dipole-dipole couplings are also orientation dependent, which means that molecular rotational motion on a timescale faster than the inverse rigid-limit spectral broadening (i.e., 20 µs or lower) leads to a reduction of the average dipolar spectral broadening and thus to a lengthening of the FID. In PE, we can distinguish three components on the basis of their different (non-exponential) T 2 relaxation behavior, in line with previous studies [21, 34, 35] . The first 200 µs of the FID were fitted to
(1) For details on the data acquisition and analysis procedures we refer to our previous work [21] . Fig. 4a/b shows FIDs for two different samples and their decomposition, and component fractions are given in Table 1 . Notably, the nanodisk samples (as well as the reactor powders) exhibit virtually no mobile amorphous but only the constrained rigid-amorpous phase [36] [37] [38] , in line with their tightly folded structure [14] .
Local chain flips in the crystallites are qualitatively detected through their time-dependent effect on the effective 1 H-1 H dipole-dipole coupling [39, 40] , measured in terms of the second moment of the 1 H spectral line shape,
which is calculated from the parameters ω a and ω b from the FID fitting, eq. (1). The effect is subtle, as a 180 • chain flip leaves the main dipole-dipole interactions of the protons within a given chain invariant, while only the weaker secondary couplings to neighboring chains are averaged out by the motion. A novel and more quantitative assessment that yields the average flip correlation time τ c (T ) and, in combination with temperature variation, the activation parameters and the logarithmic width of the τ c distribution σ (in units of decades) is based upon a detailed analysis of the signal decay under the mentioned MSE pulse sequence I MSE (t seq ), where the sequence (full echo) time t seq = n MSE t c is given in multiples n MSE of a cycle time t c ≈ 88 µs. This special type of T 2 decay is sensitive to the timescale of changes in M 2 (t) in the range of µs to ms [41, 42] , due to the time-and thus temperature-dependence of M 2 imparted by the variable interchain couplings. The signal decay under the MSE is non-exponential, and is additionally affected by an M 2dependent higher-order dephasing due to imperfections of the pulse sequence, which gives an extra Gaussianshaped contribution. The procedure to accordingly correct and then analyze the crystallite-specific I corr MSE,c (t seq ) decay, extracted from the full detected signal by way of fitting to eq. (1), is described in detail in ref. [21] . 13 C high-resolution solid-state NMR. 13 C crosspolarization (CP) magic-angle spinning (MAS) spectra were acquired on a Bruker Avance III instrument with 400 MHz 1 H Larmor frequency using a Bruker 4mm MAS WVT double-resonance probe head at 5 kHz spinning frequency, relying on a flow of heated air for temperature regulation with an accuracy of about ±2 K. Typical 90 • pulse lengths were 3 µs and 3.2 µs for 1 H and 13 C, respectively. 13 C spectra were usually taken with a 5 s recycle delay using CP, with 0.5 ms contact time using spin-lock nutation frequencies of 83 kHz and 71.5 kHz for 13 C and 1 H, respectively. SPINAL64 [43] was used for 1 H dipolar decoupling at a nutation frequency of 83 kHz. The crystalline and amorphous regions of PE at 33 and around 31 ppm, respectively, can readily be distinguished in the spectra, based upon packing effects and the conformational mixture in the amorphous phase and the γ gauche effect [44, 45] . Sample spectra and deconvolutions using two Lorentzians (which provided the best minimal model) are shown in Fig. 4c/d , and we note that they are not quantitative [44] . At higher temperatures, in particular for the melt-crystallized samples with their larger amorphous fraction, it was possible and necessary to introduce a third Lorentzian centered around 32 ppm accounting for a separate rigid-amorphous fraction.
Fast bond librations and rotations. We have applied the well-known DIPSHIFT technique [46] to quantify the strength of the 13 C-1 H heteronuclear dipole-dipole couplings (D CH ) at different temperatures. In comparison with the expected static-limit value D CH,stat /2π ≈ 21 kHz, a potentially reduced D CH reflects the amplitude of fast orientation fluctuations of the CH bond with correlation times significantly below the inverse D CH,stat , i.e., 10 µs or lower [47] . As opposed to the 1 H case discussed above, the influence of inter-chain couplings to remote protons is much weaker; the experiment thus provides rather local information. DIPSHIFT modulation curves, with the modulation time t 1 varying between 0 and the rotor period T rot , were acquired for the crystalline and amorphous resonance positions using the pulse sequences described in previous publications [48, 49] using an initial CP and Lee-Goldburg homodecoupling at an effective nutation frequency of 85 kHz (absolute nutation frequency of 62.5 kHz at 49.1 kHz offset).
Chain diffusion through the crystallites was studied by monitoring the exchange of 13 C longitudinal magnetization between the crystalline and amorphous regions [22] , making use of the fact that the T 1 relaxation time of amorphous carbons is short (<1 s), while it is longer than 200 s for the crystalline regions [50] . Thus, any experiment suitable to measure the T 1 relaxation time of the crystalline signal can be used to extract the desired information, as the apparent T 1 process is dominated by the motion into the amorphous domain, where T 1 is short. We chose to use Torchia's experiment [51] , which monitors the decay of z magnetization created by a short CP (50 µs, emphasizing the crystalline signal) during a z duration of variable length τ . The experiment has the advantage of providing a signal decay function with a well-defined limiting value of zero intensity, and was used for the same purpose before by Yao et al. [23] . For data analysis, we plotted the amplitude of the Lorentzian fitted to the crystalline component vs.
√ τ . This proved to be more robust than plotting its area, as the width changed slightly during τ , possibly as a result of faster relaxation of a weak interfacial contribution.
III. RESULTS AND DISCUSSION
We now first present the 1 H low-field NMR results characterizing the local flips in the PE crystallites, then discuss the 13 C-1 H DIPSHIFT data reflecting fast bond librations in order to back up some of the drawn conclusions, and finally address 13 C-based data on the chain diffusion, to be compared with chain diffusion coefficients derived from the 1 H data.
A. Local flips as characterized by 1 H low-field NMR Fig. 5 compiles the low-field NMR data that qualitatively reflect the intra-crystalline chain flip motion. Fig. 5a shows the crystallite-specific second moment M 2 of the 1 H line shape and provides a good overview of the differences and commonalities among the different samples. Some of these results have been published previously [21] ; new are the data from samples PErp5000m, PEnd1 and PEnd2.
The increasingly strong decrease of M 2 with rising temperature reflects the influence of the jump motion on inter-chain dipole-dipole couplings, as observed more than 5 decades ago by Olf and Peterlin [39] . In fact, the data for HDPEm and the two reactor powders, in particular the onset temperatures of the fast decay at around 360 K, are in almost quantitative agreement with their data. Note that the absolute values of M 2 depend sensitively on the choice of zero acquisition time, which for our minispec with its non-ideal 90 • pulses has an uncertainty in the 0.5 µs range, amounting to an absolutevalue uncertainty of M 2 around 30%. Further, the rather weak decay in the temperature range below 360 K is caused by small-amplitude chain oscillations (vibrations and phonons) and lattice expansion, leading to a slight decrease of the dipolar coupling strength due to some pre-averaging and increasing mean proton distances, respectively [39, 40] .
All data just reach a high-temperature plateau which characterizes the fast-limit averaged M 2 value for quickly flipping chains [40] , which defines a ∆M dyn 2 characterizing the overall drop in M 2 . While M 2 has a specific temperature dependence, we assume ∆M dyn 2 to be temperature-independent. Its value can be read off qualitatively, but in order to reduce the influence of absolutevalue errors of M 2 we take it from our model fits, see below and Table 2 .
The most important qualitative observation is the initially quicker decay of the PEnd samples, and a smeared and earlier onset of the jump-related decay. Initially, we assumed that the stronger decay below 360 K could be due to differences in the thermal expansion coefficients of the lattice parameters (leading to increase proton-proton distances), and/or some additional local fast-limit bond librations that may be possible in a slightly expanded crystal. Tight chain folds in the amorphous region, ex- erting a lateral stress, have in fact been made responsible for small changes in lattice spacing [52] [53] [54] . However, the WAXS data in Fig. 3 prove that the lattice dimensions vary only weakly among the samples, and that the linear expansion coefficients (slopes in that plot) are nearly equal. Notably, however, the PEnd samples do show a slightly expanded lattice in the a directions as compared to the other samples. This is again indicative of the model-type adjacent-reentry structure of the nanodisk samples.
Thus, the WAXS observations, together with the 13 C-1 H DIPSHIFT data addressed in the next section, suggest that the quicker decay of the M 2 for the PEnd samples is due to different intracrystalline chain-flips dynamics. The differences between the samples are even more clearly apparent in the parameters taken from the more quantitative decay of the crystallite-specific MSE intensities, which can be phenomenologically fitted to
Sample data is shown in ref. [21] . The MSE refocuses all dipole-dipole interactions to first order, thus, the intrin- Figure 6 : Decay of the crystallite-specific, corrected MSE intensities I corr MSE,c (tseq) at fixed sequence times tseq = nMSEtc of 88, 176 and 264 µs length as a function of temperature, along with fits used to extract the motional parameters listed in Table 2 .
sically non-exponential decay directly reflects intermediate (µs to ms scale) motions, with the apparent refocused T * 2 going through a minimum when the flip process has a correlation time of the order of the inverse of the dipoledipole interaction [21, 41] . In Fig. 5b we see the minimum as well as the trend observed for the non-exponentiality parameter β to be shifted to lower temperatures, indicating again faster chain-flip dynamics for the PEnd samples. In addition, visible changes set in already at lower temperatures, and the associated T * 2 minima are higher and broader, which indicates a broader distribution of correlation times.
A quantitative assessment of the observed T * 2 decays is possible by joint fitting of decay data taken at various temperatures after correction for the Gaussian-shaped base-level low-temperature contribution to T * 2 , which is related to MSE sequence imperfections, see the Materials and Methods section as well as ref. [21] . The correction procedure and the analysis of the corrected I corr MSE,c (t seq ) is based upon an analytical treatment following Anderson-Weiss theory [41, 55] , and has been outlined in much detail in ref. [21] . Sample data are shown in Fig. 6 , where we again notice a shift of the relaxation time minimum (minimum of the intensity decayed in the given time) to lower temperatures for the PEnd1 sample, and also its larger width arising from more pronounced dynamic inhomogeneity. The location of the minimum is a rough indicator of the temperature at which the average correlation time of motion is of the order of the sequence length [42] .
For quantitative stable fitting, we simultaneously analyzed data taken for the three shortest values of t seq = n MSE t c (considering a minimum 88 µs cycle time of the MSE) over the whole investigated temperature range by assuming an Arrhenius-activated average correlation time τ c = τ 0 c exp{E a /RT } and a fixed width σ of the assumed log-normal τ c distribution given in decades. Sample fits are shown in Fig. 6 , and the fitting results are col-lected in Table 2 . The overall fitting quality is good, with the exception of higher temperatures for the nanodiscs, for which structural rearrangements, i.e., an increase of the crystallite thickness, has been reported [13, 14] . It is noted that the sometimes large (∼50%) error of the decay amplitude ∆M dyn 2 of the second moment as well as its spread in values does not exert any large influence on the fitted parameters, as it influences the average τ c in a multiplicative way, while the variations of the latter significant on a logarithmic scale.
The prevailing trends observed for the fitted parameters, which will be further discussed below, are (i) significantly broader τ c distributions found for the PEnd samples, and (ii) on average lower activation energies for all but the melt-crystallized samples, coupled with the observation of unphysically low prefactors τ 0 c for the latter.
B. Fast 13 C-1 H bond librations
Fast (<10 µs) CH bond librations in the crystalline and amorphous regions, reporting on the motional freedom related to packing and conformational constraints, are interesting in two regards. First, data for the crystallites should support the absence of contributions due to intrachain motions to the 1 H NMR data, in particular for the PEnd samples, and second, data for the amorphous regions gives a qualitative insight into the dynamics of the fold surface, as used previously to confirm differences between melt-and solution-crystallized PE [25] . It should noted that the intracrystalline 180 • jump motion is symmetry conserving for the 13 C-1 H dipolar tensor and does not have any influence on it. Fig. 7a shows a comparison of various DIPSHIFT modulation curves for the crystalline and non-crystalline regions of the samples, as distinguished by their 13 C chemical shift. The data is based upon the integral intensities of the Lorentzian functions fitted to the spectra (see Fig. 4c/d) , where the non-crystalline response is composed of one or two Lorentzians, depending on how many components were necessary to obtain a good fit. While the crystalline response exhibits almost no visible dependence on sample and temperature, more significant variations are seen for the non-crystalline region.
Fits to an analytical solution for CH 2 groups [56] including an exponential term accounting for the weak signal loss (apparent T 2 effect) towards t 1 = T rot yield the 13 C-1 H dipole-dipole couplings constants D CH /2π plotted in Fig. 7b . They confirm the qualitative observations in that we find almost no variation within the PE crystallites, with only a weak trend towards lower values for the PEnd1 sample at the highest temperatures. The ∼10% decay can be explained by, e.g., fast diffusion on an arc with an opening angle of 15 • [47] . This slightly enhanced librational freedom may well be correlated with the slightly expanded unit cell, see Fig. 3 . This weak effect, and the lack of differences among the samples at temperatures below 340 K, however, confirms again that the significantly enhanced intracrystalline dynamics concluded from the 1 H data is not an artifact of intra-chain origin.
The D CH values for the non-crystalline regions vary more significantly, and are in line with previous observations [25] . I.e., the PErp and PEnd samples with their tightly folded structures exhibit significantly larger D CH values than the melt-crystallized samples, confirming our assumptions on the sample morphology. The apparent T 2 effect seen in Fig. 7a is somewhat stronger for the non-crystalline components and points to an influence of intermediate (µs-ms) timescale motions [57] on top of the experimental imperfections that are dominant for the crystallite signals. Notably, the D CH values for PEnd1 outnumber those of Yao et al. measured for solutioncrystallized PE [25] , again in line with the supposition that the nanodisk samples are nearly ideal nanocrystals. The slightly larger temperature dependence observed for PEnd1 may well be due to difference in the processing of the data (component fitting vs. partial integration). It should be noted that the results for the melt-crystallized samples with their larger mobile amorphous fraction are likely overestimated, as the short (0.5 ms) CP biases the spectral intensity towards the more strongly dipolarcoupled, less mobile parts closer to the crystal surface.
C. Intra-crystal chain diffusion
Finally, we turn to an assessment of the large-scale chain transport, as detected via the exchange of 13 C nuclei between the initially polarized crystalline and the amorphous regions. Sample data of the decay of crystallite signal as a function of the square root of the waiting time is plotted in Fig. 8a for the example of PEnd1 at different temperatures. The near-linear initial decay slope can be fitted, and related to the chain diffusion coefficient D on the basis of a one-dimensional meansquare displacement x 2 = 2Dτ along a stem of length s [23, 24] :
In our analyses, I c (0) was approximated by the first available data point at I c (1 ms). In order to derive D, the stem length s must be known. We use the lamellar thickness values d c given in Table 1 , but note that this choice (or any alternative) can be quite ambiguous, as discussed below. The so-obtained chain Table 2 . The thick lines are diffusion coefficients calculated from the local jump rates measured by 1 H NMR (see Fig. 6 and Table 2 ), and the hatched area for the annealed PErp5000 sample (crossed triangles) exemplarily marks the uncertainty range as arising from uncertainties in the stem length.
diffusion coefficients are plotted in an Arrhenius plot, Fig. 8b , where the thin lines indicate the linear fits used to extract the apparent activation energies E diff a listed in Table 2 . For almost all samples we find significantly lower values as compared to the E a characterizing the local flips, which is in line with the discrepancy also found by Yao et al. [23] . However, we cannot confirm the finding of theses authors related to generally faster chain diffusion for samples with a tight fold surface. While PEnd1 does exhibit the fastest apparent chain diffusion, the PErp samples have values well below even the melt-crystallized samples. It is also worth commenting that annealing of the PErp5000 sample at 363 K decreases the apparent D by about a factor of 5 while not changing the morphology noticeably (c.f. Table 1 ). Thus, very subtle changes in the sample can have a large effect on the apparent largescale chain diffusion, in agreement with similar annealing effects found by Hu et al. [19] .
For a comparison, Fig. 8b also shows as thick lines diffusion coefficients calculated from the average local jump times from 1 H NMR, based upon the related displacement of one CH 2 unit projection length. For certain temperatures, quantitative agreement is found, while the overall trends differ significantly. Notably, the variation among the samples in the high-temperature range (left hand side of the plot) indicate faster chain diffusion in melt-crystallized samples, while only little differences are inferred from the 13 C NMR data providing a lower bound. The deviations between the data from the two methods in the low-temperature range are further unphysical in that 13 C NMR suggests faster chain diffusion than calculated based on the known local average jump time. We assume that the D values obtained from 13 C exchange NMR are less reliable for a number of reasons.
Among the many ambiguities arising for the stem length (d c ) values are the following. First, annealing at higher temperatures, as occurring during the rather long NMR experiments, may lead to thicker lamellae. This is in fact known to be the case for the PEnd samples and has been studied in detail [13, 14] , where in the studied range an increase by about 50% is possible. Similar processes may occur in the PErp samples, yet we note that we are safely below 380 K, above which lamellar doubling has been reported [10] . Second, surface melting [58] was reported to lead to a temperaturedependent decrease of the same order, but is probably less in our samples, as concluded from the rather weakly temperature-dependent crystallinities [21] . Third, the orientation of the chains within the crystalline lamellae is not well known [59, 60] . While it is likely close to 35 • (corresponding to a {201} fold surface) in solution-grown crystals, it may vary substantially in other samples. For a worst-case estimate, we can tentatively assume an uncertainty factor of 2, corresponding to a 60 • inclination, the results for which are shown in Fig. 8b as the hatched area on top of the crossed triangle symbols for annealed PErp5000, which covers most of the variation range.
Further, any distribution effects on d c and the actual transport process are neglected. Computer simulations [26] suggest quite a spread in d c values and local chain mobility, at least for melt-crystallized samples. Further, our as well as Schmidt-Rohr's reference data [19, 20] indicate a rather significant distribution of the local jump times. The effect on the initial decay can be quite strong, noting that it is dominated by the fastest fraction. This can explain the apparently larger D values from 13 C NMR, and is supported by the finding that the apparently largest values are found for the PEnd1 sample with its nearly 3 decade wide distribution of jump times.
Another source of discrepancy concerns the simplistic analysis model, eq. (4). In earlier work of Schmidt-Rohr and Spiess [22] , using a similar 13 C-based approach probing large-scale diffusion, a more realistic model of constrained 1D diffusion was assumed, taking into account potential restrictions posed by longer and entangled loops in the amorphous regions. This accounts for a delayed signal decay towards longer τ , but influences also the initial slope, in particular at high temperatures with its related larger chain displacements in a given time. This can qualitatively explain a bias of too low D values in this range, and suggests a possible origin of the apparently reduced E diff a values. In fact, using the improved model, an E diff a value of 105 kJ/mol was found for a melt-crystallized sample, in very good agreement with our present and the previous values [19, 20] based upon the detection of local jumps.
IV. SUMMARY AND CONCLUSIONS
In summary, we have shown that a new, quantitative 1 H NMR approach that can be performed on a simple low-field spectrometer provides representative values for the average correlation time for local monomer jumps mediating large-scale chain diffusion in PE crystals. We have here applied the method to a comparison of intracrystal chain dynamics in different PE morphologies with ideal PE nanocrystals, which are found to be characterized by an apparent activation energy that is significantly lower than the values of around 100 kJ/mol found for melt-crystallized samples by us and Schmidt-Rohr and coworkers [19, 20, 22] . This property is shared by reactor powder samples that are characterized by a similar fold surface dominated by adjacent reentries.
The nanocrystals further feature an unusually (3 decades) wide distribution of correlation times. This finding comes along with a slightly expanded unit cell, and we attribute this to the effect of lateral pressure induced by the tight folds [52] [53] [54] . We hypothesize that the inhomogeneous chain diffusion reflects a structural inhomogeneity of the nanocrystals, which due to their small size can expand more closer to the edges and allow for faster local jumps and chain diffusion there. Reactor powders, which are characterized by larger but still highly disordered crystallites [28] also feature a jump time distribution of 1.5 to 2 decades width, again significantly broader than the 1 decade wide distribution observed for melt-crystallized PE. The latter is, within our error ranges, compatible with the 0.5 decade wide distribution observed in more specialized 13 C based investigations of the local jumps in melt-crystallized PE [19] . Recent computer simulations [26] suggest that distribution effects in such samples can arise from inhomogeneities within the fold surface, where e.g. stems attached to cilia were found to diffuse more quickly. Our finding of significant variability of the distribution width also settles the controversy between Schmidt-Rohr's finding of a rather narrow distribution [19] and earlier reports on the coexistence of fast and slow motions inferred from subtle variations in 13 C NMR crystalline line shapes [61] .
We were not able to confirm a recent rather general claim of much accelerated chain diffusion in PE crystals with tight fold surfaces and an explanation of slower diffusion in other samples in terms of an additional entropic penalty and a lower "effective" jump rate [23] [24] [25] , as based upon 13 C-based NMR experiments addressing large-scale chain diffusion in solutionvs. melt-crystallized PE. Rather, our reactor powder samples exhibited lower apparent chain diffusion than melt-crystallized samples, and all adjacent-reentry samples feature on average slower local jumps at high temperatures. We identified a number of ambiguities in the interpretation of such 13 C-based experiments, related to difficulties in determining the correct value for the crystalline stem length, dealing with distributions of correlation times, and constraints to free one-dimensional stem diffusion.
Early studies based upon dielectric spectroscopy [6] and Schmidt-Rohr's comparison of HDPE samples and UHMWPE fiber samples [19, 20] suggest a dependence of the intra-crystalline dynamics on the crystallite thickness. However, a simple and direct correlation appears unlikely in view of our data. Notably, the meltcrystallized PErp5000m samples exhibits the thickest lamellae in the 20 nm range, but its intracrystalline dynamics does not deviate in a systematic way from the other samples, for which d c is lower than 10 nm. Indirect correlations may of course exist, noting that significant variations in d c are usually accompanied by changes in the amorphous part.
Among the remaining challenges is the identification of the molecular origin of the observed activation energy. For the adjacent-reentry type samples, we note that the E a values in the 60-80 kJ/mol range go along with an Arrhenius prefactor τ 0 of the order of 10 13±2 s, which is in a realistic range of inverse frequency factors associated with molecular vibration process. E a could thus be explicitly related to a barrier associated with defect generation or migration. For melt-crystallized samples, the higher E a values come with unrealistically low prefactors around 10 −20±1 s. From the result plot in the previous studies on similar samples [19, 20, 22] we estimate similar values of about 10 −19 and 10 −17 to 10 −22 s, respectively. This suggests that cooperativity plays a role, for instance a coupling to Vogel-Fulcher type activation behavior in the amorphous domain, which imparts an apparent progressive slowdown, thus a deviation from Arrhenius-type behavior, towards lower temperatures.
The question is then to explain why the local jumps are much faster in melt-crystallized samples at high temperatures (see Fig. 8b ), in particular in the HDPE sample with lowest molecular weight and highest polydispersity, which has the largest fraction of cilia. Noting that the NMR-detected jump rate depends on both, the speed of hypothetical defect migration as well as their concentration, it can be speculated that the amorphous phase plays a major role. This is confirmed by the mentioned recent computer simulation study [26] . While earlier simulation work suggested major disorder and defect generation within the crystals [7] , later experimental work concluded that such significant dynamics is at variance with NMR data [19] . Concluding, we envision that our results, in particular the application of our easily applicable low-field 1 H NMR approach, may provide a nucleus for a more complete understanding of structure-property relationships within the important class of crystal-mobile polymers [1] . 
